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INTRODUCTION 
Most investigators agree that new particle formation in crystal­
lization processes producing crystals from solution is related to the 
solids already in suspension. The phenomenon has been called hetero­
geneous nucleation but more recently has been termed secondary nuclea-
tion. While homogeneous nucleation is a function only of supersatura-
tion, secondary nucleation is a possible function of several other factors 
as well as the supersaturation. Most of the factors proposed, e.g. 
surface nucleation, dendritic fracture, impact phenomena, are related to 
the amount of solids in suspension or more precisely the surface area of 
the solids in suspension. 
From classic theories homogeneous nucleation should occur only at 
very high supersaturations. In practice it usually occurs at relatively 
low supersaturations. This can be explained in many ways but more im­
portantly it can be explained by the fact that the energy requirements 
for nuclei formation are much more favorable in the region near the sur­
face of the crystal. It appears that if the factors affecting secondary 
nucleation can be properly identified and consequently controlled, im­
provement in production rate and particle size can be obtained. For 
example, if the secondary nucleation rate can be reduced the system can 
be operated at higher supersaturations and still get the same average 
particle size. This means an increase in production rate for a given 
equipment size. On the other hand reduced secondary nucleation rate will 
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result in larger crystals if the system energy and mass constraints are 
maintained constant. Both of these beneficial results are of consider­
able interest in commercial practice. 
Much work has been expended studying the effects of foreign solutes, 
inorganic or surfactant ionic material, on the growth rates of various 
faces of a crystal. The work has largely been concerned with habit modi-
i 
fication. It is quite evident that in most cases the effects of these 
additives result from crystal surface phenomena and the addition in some 
way changes the character of the conditions at the surface of the crystal. 
This may be by blocking growth sites or nucleation sites, it may be from 
changing the surface tension or the rate of diffusion to the surface. 
In any event it is a surface phenomenon. If it is assumed that most 
secondary nucleation is crystal surface related it is inescapable that 
such additives must also affect the nucleation rate in the system. There 
is little in the literature relating the presence of such material to 
nucleation rate although it is suspected that there are proprietary 
techniques using such additives to improve production rate and particle 
size. 
In the following discussion some possible theories are discussed re­
lating the properties of additives to nucleation rate and also the evalua­
tion of some experimental data taken from a small laboratory continuous 
mixed suspension, mixed product removal (CMSMPR) crystallizer. 
3 
LITERATURE REVIEW 
Mechanism of Crystallization 
Nualeation 
In order for a solid crystalline phase to form from a solution some 
degree of supersaturation or supercooling must be produced in the system. 
This supersaturated state or deviation from the equilibrium state is es­
sential and the degree of supersaturation is of prime importance in con­
trolling the crystallization process. However, even after conditions are 
favorable in a system the formation of crystal nuclei remains a difficult 
process. The constituent molecules not only have to combine, resisting 
the tendency to redissolve, but they also have to become oriented into 
a fixed lattice arrangement. It is unlikely that such a formation could 
result from the simultaneous collision of the required number of molecules. 
It is more likely that minute structures are formed, first from the 
collision of two molecules, then from that of a third with the pair and 
so on. This phenomenon is then likened to a chemical reaction where the 
interaction between ions leads to the formation of clusters and eventually 
to the evolution of crystals. 
Walton (28) has described this mechanism in some detail but some 
of the more pertinent details are discussed here. In solution the ions 
of solute are constantly in motion and consequently come within the 
sphere of influence of another ion. Because of their ionic charge, ions 
tend to associate with neutral or oppositely charged groups and their 
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collision efficiency is limited by the net charge on the cluster. There 
is a continuous formation and dissolution of ionic clusters prior to 
nucleation. If, however, the concentration of solute ions is large 
enough, the clusters can become consolidated into small crystallites where 
upon crystal growth may follow. 
In an analogous manner to a chemical reaction where the activation 
energy is a barrier which must be surmounted before products can be formed, 
the energy barrier to nucleation must be overcome before crystallization 
can occur. This energy is termed the critical free energy of formation. 
One might ask how this critical free energy is produced. Although 
the mean energy of a fluid system at constant temperature and pressure 
is constant there will be point fluctuations in the energy about this 
mean. These fluctuations supply the necessary energy to form nuclei (18). 
The free energy of formation of a nucleus is given by the energy 
necessary to transfer n moles from the solution phase to the solid phase 
plus the energy necessary to form the surface of the crystal. This is 
given by 
AG = -nRT In c/c o + T^Tr^  Ï (1) 
where n = 4/3T[r^ _. When & G is plotted as a function of r a maximum 
M 
occurs which is the critical free energy of formation and the corres­
ponding radius, is the critical radius. Inherently these aggregates are 
quite unstable and therefore if r < r^  the aggregate will probably re-
dissolve (12) whereas for r > r^  the aggregate is regarded as a nucleus 
and will continue to grow. Thus the critical free energy corresponding 
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to Tç must be overcome before a stable nucleus will form. The critical 
free energy of formation - Û^ Gmax - may be determined by differentiating 
the expression for ÛG with respect to r and setting the resulting ex­
pression equal to zero. 
= 0 = R T In- + sTTr Ï 
or M Cq 
c 2Xv 
or RT In — = — (2) 
Co c 
Substituting for r^ . into Equation 1 for A, G gives 
[3/2(R T In S)2] 
 ^Gmax = ) =- ... (3) 
where S = c/cq = supersaturation ratio. 
A fundamental expression for the rate of nucleation was first pro­
posed by Volmer and Weber (27). The rate of nucleation can be expressed 
in the form of the Arrhenius reaction velocity equation 
 ^= A exp (- W 
o c 
where A is a proportionality constant with value on the order of 10 
cm"^  sec"^  (19). 
From Equations 3 and 4 one obtains the following expression for 
nucleation rate. 
It can be seen that Equation 5 is quite complex and rather difficult 
to evaluate. However Nielsen (19) has shown that a power model gives a 
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fairly good approximation of nucleation rate for limited ranges of 
supersaturation and Robinson and Roberts (22) proposed the following 
power model for the rate of nucleation: 
Equations 5 and 6 apply to homogeneous nucleation, that is, nucleation 
in the absence of any foreign matter. Usually this is very difficult 
to obtain, for even atmospheric dust may act as nucleation sites. For 
this reason most crystallization processes and especially industrial 
ones are likely to involve heterogeneous nucleation. This mechanistic 
model presumes that new crystals are formed on, and as a result of, 
foreign particles in suspension or are formed on the surface of the 
crystallizing vessel. Also depending on the size and geometry of the 
particle or surface, it may or may not represent a significant impurity 
in the final crystal product. 
Just as certain catalysts are instrumental in promoting chemical 
reactions, there are other "catalysts" which help promote nucleation 
processes. The principle effect takes place on the surface of the sub­
strate where the energy barrier is reduced (8, 28). A good example of 
heterogeneous nucleation by small particles is the seeding of clouds 
with silver iodide so that ice or eventually rain is precipitated. It 
turns out that the number of ice particles produced is much greater than 
the number of silver iodide nuclei added. Also recent work shows that 
nucleation due to crystals of solute already in suspension directly con­
tributes to the rate of new particle formation. This latter phenomenon 
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is variously termed ancillary nucleation (28), breeding (11), secondary 
nucleation (6, 17) or vegetative nucleation (20). 
The theory behind this mechanism is that heterogeneous nucleation 
due to foreign particles in solution is the initial nucleating means for 
most crystallizations, but a resultant secondary nucleation occurs which 
performs the predominate nucleating function for the solution. It is 
this combined mechanism which is under consideration here. 
Nucleation due to the presence of crystallized solute in suspension 
has received increased attention in the last several years, the principal 
reason being the significant role that this phenomenon has on the crystal 
size distribution of a typical commercial crystallizer. The general 
feeling seems to be that if the secondary nucleation process was better 
understood great strides could be made in determining how to alter this 
secondary nucleation in ways that would give a desired size distribution. 
Until recently mechanistic explanations concerning this phenomenon 
seemed to be divided into two categories. The first mechanism assumed 
fragmentation and the second assumed no fragmentation. By fragmentation 
it is meant that small dendritic crystals growing on the parent crystals 
fracture and act as new nuclei while the non-fragmentation aspect refers 
to the dispersal of partially oriented crystal clusters from the surfaces 
of the crystals in solution into the bulk medium which then act as nuclei. 
Strickland-Constable (25) adhered to the first mechanism and at­
tributed the secondary nucleation process to actual breaking off of 
pieces of the crystal due to collisions between particles and between 
8 
the particles and the walls of the vessel. He also considered fragmenta­
tion due to the breaking up of polycrystals. Polycrystals are many 
individual crystals grown into a single agglomerate. Sometimes they seem 
to form for no apparent reason but indications are that they form more 
frequently at higher supersaturations. In an analysis of the effects of 
particle breakage Randolph (21) showed in a mathematical treatise how 
varying degrees of breakage altered the size distribution in a continu­
ous, mixed suspension, mixed product removal crystallizer. 
Other breakage theories have suggested that this breakage or frag­
mentation is actually the breaking off of small dendrites which grow on 
the various faces of the crystals and which are quite fragile and easily 
broken off. Work by Melia and Moffitt (17) and Cayey and Estrin (6) seems 
to support this hypothesis. 
It seems there is less support for the second proposed mechanism, 
that involving no fragmentation. Powers (20) was one of the first who 
suggested that there possibly could be a build-up of weakly attracted 
solute molecules on the surface of the parent crystal possessing a cer­
tain degree of order. Shearing action caused by agitation of the sus­
pension could remove some of this layer resulting in'; dispersed sites 
for new particle formation. 
With the advent of recent studies by Clontz and McCabe (7) however 
it seems that actually both realms of thought were correct depending on 
the supersaturation maintained in the system. For magnesium sulfate, at 
moderate supersaturations, 4. 4°C, partially ordered crystal structures 
9 
are thought to form on the surface of the crystal, later to be dispersed 
into the bulk solution. At higher supersaturations, > 8°C, there is 
much needle growth and consequent splintering and actual breakage of 
the" crystals which may then act as new nuclei. It is also noted in 
Clontz and McCabe's work that these secondary nuclei are dispersed into 
the bulk medium by the energy transferred by impact between crystals and 
collisions between the crystals and the walls of the vessel. Some im-
I 
portance has been placed on the importance of fluid shear but this seems 
to be minor compared to energy transfer by collision. 
Based on previous work one should be able to guess by what mechanism 
the secondary nuclei are dispersed into the bulk medium depending on the 
supersaturation. However little information is provided as to what fac­
tors might affect the efficiency of crystal clusters in forming nuclei. 
It is therefore the purpose of the present work to strengthen by means 
of quantitative data and designed experiments this aspect of the theory 
of secondary nucleation as well as to infer information concerning the 
effects of additives on the nucleation process. 
Crystal growth 
Once stable nuclei have formed in a supersaturated or supercooled 
system they begin to grow into crystals of visible size. Although the 
mechanism for growth and nucleation are quite different it should be 
recognized that both crystal growth and nucleation occur simultaneously 
in solution and that both may be closely interrelated with the other. 
This is evidenced by the observation that sometimes small dendritic 
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growths on the surfaces of the crystals give rise to new nuclei and also 
that peculiar to the type of growth, prime nucleation sites may be pro­
duced . 
The growth mechanism is not yet absolutely understood but probably 
more so than is the nucleation phenomenon. Essentially the mechanism 
has been classified under the three general headings of 'surface energy', 
'diffusion' and 'adsorption-layer' theories. No attempt will be made 
to discuss these various theories extensively but rather to mention only 
several of the more important aspects. Detailed accounts have been 
written by Buckley (4), Nielsen (19), Mullin (18) and Strickland -
Constable (25). 
The surface energy theories are based on the postulation of Gibbs 
and Curie that the shape a growing crystal assumes is that which has a 
minimum surface energy. So far there is no general acceptance of the 
surface energy theories of crystal growth and there is little quantitative 
evidence available to support them. 
The concept of a mechanism of crystal growth based on the existence 
of an adsorbed layer of solute atoms or molecules on a crystal face was 
first suggested by Volmer. According to this theory crystals can grow 
layer by layer without any dislocations or with screw dislocations. In 
other words solute diffuses to the surface of the crystal and arranges 
itself into the crystal lattice in such a way that part of it protrudes 
above the layer which it is filling. Since the difficult step in layer 
growth is the starting of a new layer a crystal can grow in the above 
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mentioned manner without much difficulty. Detailed accounts of this 
are discussed by Buckley (4). 
Noyes and Whitney considered crystal growth as a diffusional process 
and that the rate was determined by the difference between concentrations 
at the solid surface and in the bulk of the solution. The following 
equation was proposed: 
m = mass of solid deposited in time t 
A = surface area of the crystal 
c = solute concentration in the solution (supersaturated) 
c* = equilibrium saturation concentration. 
km = coefficient of mass transfer 
Nernst modified this somewhat on the assumption that there would be a 
thin film of liquid adjacent to the growing crystal face. Thus he ob­
tained 
D = coefficient of diffusion of the solute 
X = length of the diffusion path 
However since x approaches zero in vigorously stirred solutions it would 
imply that growth rate was infinite. Therefore diffusion was not suffi­
cient to describe the mechanism. Berthoud and Valeton suggested there 
was a diffusion process whereby solute molecules are transported from 
the bulk of the fluid phase to the solid surface, followed by a first 
Il = km&(ci- c*) (7) 
(8) 
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order 'reaction' when the solute molecules arrange themselves into the 
crystal lattice (18). Therefore 
dm 
dt = k(j A(c-ci) (9) 
 ^= kr- A(Ci-C*) (10) 
dt  ^
where 
kd = a coefficient of mass transfer by diffusion 
kf = a rate constant for the surface reaction 
c^  = solute concentration in the solution at the crystal-
solution interface 
The validity of the assumption of first order surface reaction is 
questionable. Nevertheless in using the above expressions it is con­
venient to eliminate the term cj^  by considering an 'overall' concentra­
tion driving force, c - c*. A general equation for crystallization 
based on this overall driving force can be written as 
= K A(c-c*) (11) 
where 1/K = lA<j + l/k^ . 
However since the exact growth mechanism is frequently in doubt, 
growth rate is often expressed as a linear function of supersaturation. 
Thus 
 ^= kg A s (12, 
where s is the supersaturation and kg is a constant which depends on 
temperature, agitation etc. Both crystal mass and crystal area may be 
expressed in terms of a characteristic crystal dimension L to give the 
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following expression for linear growth rate: 
 ^  ^= kg s X f(L) (13) 
at 
McCabe (16) observed that different size crystals in a suspension grow 
at the same rate if subjected to the same conditions. This is known as 
McCabe's A.L law and is generally found to be true except for certain 
salts (5) and in industrial crystallizers where perfect mixing is often 
impossible to attain. In those instances the larger particles, having 
higher settling velocities, tend to move through the solution faster 
than smaller crystals. This reduces their resistance to diffusion and 
they consequently grow faster. 
Size Distribution Analysis 
Crystal size distribution 
Phase change in solution crystallization results, not in a single 
homogeneous mass of solid material, but in a collection of discrete par­
ticles of various sizes, shapes and ages. This results from nucleation 
of new particles and subsequent growth. This distribution is usually 
characterized as some function of crystal size and hence the term size 
distribution. The size distribution is dependent on nucleation rate and 
growth rate and therefore in order to properly study factors influencing 
size distribution a study must be made of the effects of these factors 
on the individual particles and not the collective mass. 
Ik 
Population balance 
The development of such a characterization by Larson and Randolph 
(13, 14) came from recognizing that like mass and energy, the number of 
discrete particles must also be conserved in any dispersed system. 
Given the proper representation of birth and death rates, an accounting 
can be made of all particles. Such an accounting is called a population 
balance. i 
In order to facilitate the formulation it was necessary to define a 
density function which represented the number of crystals in a given 
size range. If one considered the number of crystals in a size range 
to Lg then the number of crystals in this size range is Û^ N. The number 
of crystals divided by the width of the size range is called the popu­
lation density when the size range is reduced to an infinitesimal width. 
Thus, 
Lim AN -  ^_ (14) 
£iL-»OAL dL * 
Actually n is nothing more than the derivative at a point of a cumulative 
plot N vs L. This population density was then used in the formulation of 
a numbers or population balance. 
For this a well stirred vessel which is continuously fed a solution 
of constant composition and has unclassified product removal is considered. 
The following assumptions were imposed: 
1. The suspension occupies a variable volume V enclosed by fixed 
boundaries, except for a free gravity surface. 
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2. This volume has inputs and outputs which can be considered 
mixed across their respective pipe diameters, but the suspension con­
tained in the volume under consideration is not necessarily mixed. 
3. The particles in the suspension are small enough and numerous 
enough to be considered a continuous distribution over a given size 
range of particles and over a given volume element of the suspension. 
4. No particle breakage occurs, except possibly the chipping of 
a particle into unequal pieces such that one piece is essentially un­
changed in size while the other is small enough to be considered a 
nucleus. 
A balance on the total number of particles in the suspension within 
an arbitrary size range to Lg can then be written in terms of the 
local population density, n:. 
Rate of Accumulation = Input - Output 
n dLdV (15) 
Differentiating the left hand expression gives 
or 
^  j "  ( ê r  " ^ 2  - ^  
' h i  'v  
M _ )^ 
H 
rearranging the, form slightly 
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and 
> 1  ( d v  +  3 E  n  -  Q i ^ i  +  Q o ^ o j  d L  =  0  ( 1 6 )  
Then since Lj to L, is completely arbitrary the integrand must equal zero. 
( lit * SL (n %%)] + 3Ï * - Qi"i + Vo = 0 (17) 
/v 
In Equation 17 term 1 represents transients in a population density of 
crystals of a given size, term 2 is the bulk transport of crystals into 
and out of this size range by virtue of their growth rate in suspension, 
term 3 accounts for changes in population density due to changes in total 
suspension volume and terms 5 and 6 represent the input and output of 
crystals to the suspension. An independent derivation of this equation 
was made by Behnken, Horowitz and Katz (1). 
If one maintains a constant volume dV/dt = 0 and if no crystals 
enter with the feed, n^  = 0, Equation 17 reduces to 
If growth rate is independent of size then r = ^  X f(L) equation - -
18 reduces further to 
where T = V/Qo« Finally at the steady state condition one obtains 
r = - -S which upon integration gives 
17 
n = n° exp (-L/rT) (20) 
Equivalent expressions for equation 20 were derived by Bransom 
 ^al. (3) and Saeman (23). Equation 20 gives the functional relation­
ship between L, the size, and population density n, and thus characterizes 
the size distribution. The term n° is the population density of the 
"zero" size particles or nuclei. 
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THEORETICAL DEVELOPMENT 
Secondary Nucleation 
As stated previously the emphasis of this discussion concerns 
secondary nucleation. It is presumed that small partially ordered struc­
tures form on the surfaces of the crystals already in suspension. It 
also seems plausible)to consider these aggregate structures as a phase in 
themselves. These aggregates can then at some later time be washed into 
the bulk medium due to fluid shear and collisions between crystals and 
can subsequently act as new nuclei if they are of the critical size; other­
wise they will redissolve. Since these aggregates which form on the 
solid surfaces are still quite mobile in character within the region of 
nucleation, one can consider this semicrystalline phase to have certain 
properties pertaining to a fluid material, the most important ones being 
that it have interfacial energies associated with its surfaces and that 
it can form different contact angles with the surfaces in solution de­
pending on the surface characteristics. 
The reason why a nucleus should form preferentially on the surface 
of a crystal already present rather than in the bulk is a question of 
energetics (8). One of the important features concerning the formation 
of these nuclei on surfaces of the crystallizing phase is the relationship 
between interfacial energies and contact angle. Since the phenomenon 
being discussed is at the molecular level, it is not at once clear that 
the concept of interfacial energies is appropriate. However, some work 
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by Benson and Shuttleworth (2) and Sundquist and Oriani (26), based on 
considerations of atomic interactions, showed that the use of bulk sur­
face tension was accurate to within a few percent even for very small 
clusters. 
As mentioned previously one of the important parameters concerning 
nuclei formation on solute crystal surfaces in solution is the contact 
angle. This can be viewed in an analagous manner to solid (S)-liquid(L)-
gas(G) systems where the relationship S^G = JlG COS© + ÏSL is found 
to hold between the various interfacial tensions and the contact angle ©. 
For the contact angle in a suspension one can use the same relationship 
except instead of dealing with a S-L-G system, one has a solution-1-, 
nucleus-2-, and solid phase-3-. The nucleus phase is made up of the 
partially ordered crystalline structures discussed earlier. The rela­
tionship between these phases is then 
if 1,3 = Xl,2 * + *2,3 (21) 
where M is the contact angle. This equation is valid only for 
- l6 cosM ^  1. A pictoral representation of this is shown in Figure 1. 
Critical Free Energy of Formation 
As in classical nucleation theory the energy necessary to form a 
nucleus is given by CiG* which is the critical free energy of formation. 
An expression for Ag* has been developed by Fletcher (9) which is very 
appropriate to the considerations discussed here. 
Fletcher starts with the free energy of formation of an embryo of 
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21, 
radius r on a nucleus of radius R as shown in Figure 1. This is 
f 
written as 
AG = AGv Vg + ÏI2^ 12 + ( *23 " ^ 13^  ^ 23 (22) 
where = the free energy difference per unit volume of phase 2 be­
tween matter in state 1 and matter in state 2. 
In a similar manner to homogeneous nucleation the nucleation rate 
is related to the free energy of formation, AG*, by an Arrhenius type 
relationship. After substituting for the various quantities in Equation 
22 and requiring that (6&G/ %)r)* = 0 the free energy of formation of a 
critical embryo is obtained, 
• AG* = f(m,x) (23) 
3(AGV)2 
where f(m,x) is strongly dependent on contact angle. The nucleation 
rate is given by 
= A exp (- ) (4) 
where AG* is just another symbol used for AG^ ax mentioned previously. 
It should be noted at this point that if calculations are made 
using the above relation to determine nucleation rates the values ob­
tained do not agree with experimentally observed results for the super-
saturations which can be maintained in inorganic continuous crystalliza­
tion from solution. This could possibly indicate that the assumption 
that nucleation follows an Arrhenius type relation is in error but more 
likely is additional evidence that secondary nucleation is the primary 
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source of nuclei in this type of crystallization. It further points out 
the fact that an understanding of the nucleation process on a completely 
quantitative theoretical basis is far from achievement. 
However the theoretical considerations do indicate that contact 
angle is an important factor in the critical free energy determination 
and consequently should have a direct bearing on the nucleation rate. A 
brief table of f(m,x) vs contact angle taken from Fletcher's paper is 
presented here for reference. 
M m f(m,x) 
900 0.0 1.0 
60° 0.5 .32 
36.9° 0.8 .06 
25.9° 0.9 .012 
18.9° 0.95 .004 
0°  1 .0  0  
Recalling Equation 23 it can be seen that the critical free energy of 
formation is greatly decreased as contact angle decreases. This would 
then predict an increase in nucleation rate. 
Although not explicitly referred to in the theoretical development 
of AG* it might also be expected that a foreign ion in the mother liquor 
would affect the nucleation process. In this case however the presence 
of an impurity might hinder the nucleation process. 
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The Effects of Altering Crystal Surface Characteristics on 
Formation of Nuclei 
In order to alter the degree of nucleation obtained in a process, 
it would seem advisable to effect a change in the contact angle between 
the nucleus and the crystal surface or at least to effect some change 
in the surface characteristics of the parent crystals. This is most 
easily done by the addition of some material to the mother liquor which 
may be adsorbed on the crystal surfaces. For example, colloidal sur­
factants are characterized by their property of being adsorbed from 
solution at the interface between two phases, i.e. liquid-gas, liquid-
liquid, or liquid-solid. The nature of the interface is profoundly 
altered by this adsorption with the most general effect being displayed 
by the lowering of the interfacial tension. Thus an appropriate surface 
active agent would be ideally suited to affect a lowering of the contact 
angle and thus obtain an increase in nucleation rate. 
The adsorption of a multiply charged cation on the surface of a 
crystal would be expected to decrease the nucleation rate. This effect, 
however, cannot be explained simply on the basis of contact angle because 
it is doubtful whether an ion present in small amounts could affect any 
increase in contact angle. 
It is necessary therefore to look deeper into the actual collision 
probabilities occurring before nucleation occurs. It is still true that 
the statistical probabilities for aggregate formation are higher near 
the solids in suspension than in the bulk of the solution. However, one 
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must recall that for ionic crystals the collision efficiency between 
ions is limited by the net charge on the cluster. Thus if one added 
something like Cr*** ion to a crystallizing solution of KNOg, it would 
most likely upset the charge balance. The Cr*** might attract NOg groups 
around it in some sort of complexing arrangement such that this would 
decrease the tendency of ions to be atrracted to each other and possibly 
; I decrease the nucleation rate. 
It is also possible that there are specific sites on the crystals 
in suspension at which nucleation occurs. This is feasible because when 
one looks at the surface of a crystal under high magnification it is seen 
to be made up of many ridges and valleys. Of these there are probably 
some that are better suited for nuclei formation. If impurity ions are 
attracted to these specific sites and adsorbed there, they would block 
the possibility of a nucleus forming. Thus the idea is advanced again 
that the secondary nucleation process is a surface related phenomenon and 
that small changes in the properties of the surface layer can alter the 
rate of new particle formation. 
In an attempt to substantiate the above hypotheses experiments have 
been conducted on the crystallization of KNOg from aqueous solution in 
the presence of inorganic ionic and surfactant impurities. If indeed 
the nucleation process is related to the surface characteristics of the 
solids in suspension, the addition of some foreign material which may 
adsorb on these surfaces and change their surface characteristics should 
affect the observed rate of nuclei formation. 
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Measurement of Nucleation Rate 
Man, who is the servant and interpreter of nature, 
can act and understand no further than he has observed, 
either in operation or in contemplation, of the method and 
order of nature. 
Sir Frances Bacon 
In order to measure the effects of foreign soluble material on new 
particle formation it is necessary to in some way obtain a quantitative 
measurement of the nucleation rate. Since nucleation of crystals from 
solution cannot be observed directly, it is necessary to infer informa­
tion about the nucleation mechanism from examination of the precipitated 
phase. The application of the population balance proves to be a useful 
technique for inferring this needed information. By using this technique 
on size distribution data from a continuous mixed suspension, mixed 
product removal (CMSMPR) crystallizer, it is possible to determine the 
growth rate and infer the nucleation rate. One very important feature 
of this technique is that quantitative growth rate and nucleation rate 
data are obtained simultaneously from the same size distribution data. 
From a steady-state population balance over a CMSMPR crystallizer one 
obtains a description of the crystal size distribution in terms of the 
population density as follows: 
n = n° exp (-L/r T_) (20) 
o o o 
A semilog plot of experimental data represented by Equation 20 
would have a slope of - l/rgTo and an intercept of n°. An example of 
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this is shown in Figure 6. Because the holding time T is known, the 
growth rate can be directly determined. Then from the definitions of 
population density and growth rate one can relate the intercept n° to 
the nucleation rate (dN°/dt) in the following way; 
r = dL/dt (24) 
= il L-o 
dN°/dt •= ^ dN| = rn (26) 
dt dL J L = 0 
Thus from a size distribution analysis of the crystalline product 
it is possible to obtain measurement of both the nucleation rate and the 
growth. 
Determining Basic Kinetic Expressions 
In addition to nucleation and growth rate data the aforementioned 
analysis is readily applicable for determining basic kinetic expressions 
for nucleation (15). Previous work has shown that power law kinetic models 
can be used for this purpose. These models are briefly reviewed as fol­
lows. For growth rate, as discussed earlier 
r = kgS (13) 
where s is the degree of supersaturation. 
For nucleation the relation has been taken as a simple power func­
tion of supersaturation. However this model implies that homogeneous 
nucleation is the dominant source of nuclei and does not allow for any 
dependence on suspension density. A more realistic model is one that 
27 
relates nucleation rate as a power function of both supersaturation, s. 
and suspension density. M, thus: 
dN°/dt = kn Mps^ (27) 
Combining Equations 13 and 27 gives 
dN°/dt = k Mpr^ 
or 
n° = k Mpr^"^ (28) 
These equations can be used to determine the relative kinetic models for 
nucieation and growth where supersaturation is so low that it cannot be 
measured accurately. 
Equation 28 suggests that a series of experiments at equal suspension 
densities but at different residence times permits the determination of 
the order of nucieation i. If log n° is plotted vs log r the slope 
equals i-1 and thus i can be calculated. 
In this research the suspension density was held fairly constant 
but did vary slightly between different experiments. In order to ac­
curately account for this so that a meaningful comparison between nuciea­
tion rates could be made the following dependence of nucieation rate on 
suspension density was incorporated. 
According to some work by Larson, Timm and Wolff (15) the relation­
ship between growth rate and nuclei population density and suspension 
density is 
(29) 
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(S)""-(S)""" 
Equation 29 indicates that a plot of the log of the growth rate, 
r, vs the log of the suspension density, M, will be a linear relation­
ship with a slope equal to (l-j)/(i+3). Knowing the numerical value for 
i from previous results, j can be evaluated. 
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EXPERIMENTAL 
Equipment 
Crystallizer 
The cooling crystallizer was fabricated of stainless steel PANEL-
COIL as shown in Figure 2. All surfaces which were exposed to the sus­
pension were first electropolished and then treated with a teflon film 
so as to reduce as much as possible any surface nucleation or crystal 
buildup on the interior walls. Coolant was circulated not only through 
the outer walls of the vessel but also through an inner draft tube. The 
working volume maintained in the crystallizer with draft tube in place 
was 12 liters. Figure 3 is a photograph of the crystallizer in place 
while Figure 4 shows a flow diagram of the complete installation including 
refrigerator and feed tanks. 
The feed solution was introduced at the surface of the suspension 
close to the center of the crystallizer and the volume was maintained 
constant by removing suspension at fixed intervals through a 3/8 inch 
stainless steel tube which extended several inches below the liquid level 
surface. A control mechanism for maintaining a constant volume consisted 
of an on-off liquid level controller linked with a Jabsco rubber impeller 
self priming rotary pump. The pump provided sufficient flow to withdraw 
a mixed product from the crystallizer. 
To actuate the liquid level control system a probe was set at the 
desired level and connected to a relay box which was connected to a timing 
device which controlled the Jabsco pump. When the suspension contacted 
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this probe the circuit was closed and the product removal pump was 
started. A time delay was used to lengthen or shorten the pumping time 
depending on whether the feed flow rate was fast or slow so as not to 
overheat the pump and also to keep the liquid level oscillations at a 
minimum. The pumping time intervals available were 2, 10, or 15 seconds. 
Agitation was provided by a three inch diameter three blade 
stainless steel propeller located at the center of the crystallizer and 
extending to about 3 inches from the bottom of the vessel. The propeller 
was driven by a 1725 rpm, one fourth horsepower motor. This impeller 
speed was sufficieht to maintain a well stirred suspension. However in 
addition to stirring, the mixing process was aided by placing three 
baffles symmetrically around the perimeter of the internal draft tube and 
extending to the outer wall. The overall mixing pattern then was for 
suspension to circulate down through the draft tube and up through the 
annulus. There was little vortex formation because of the baffles. 
Auxiliary equipment 
The entire equipment scheme including the material flow pattern is 
shown in Figure 4. A stirred 55 gallon stainless steel (s.s.) drum was 
used for storage of the feed solution. The temperature of the feed was 
controlled by an on-off controlled immersion type heater especially 
designed for use with large drums of liquid. 
During an experimental run the heated feed was pumped through a Cuno 
type filter constructed of 316 s.s. containing a Microwynd filter element. 
The feed was introduced to the crystallizer with a diaphram metering 
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pump produced by the Gorman-Rupp Company. Circulation of ethylene gly­
col through the walls of the crystallizer by means of an Eastern cen­
trifugal pump served to cool the solution in the crystallizer to the 
prescribed temperature. The source of ethylene glycol coolant was a 30 
gallon s.s. drum and the refrigeration unit used was a Blue M Electric 
Company model PCC-24SSA. 
Samples of crystal product were taken by means of an evacuated, 
calibrated suction flask. This was used to withdraw a sample of the 
suspension directly from the crystallizer. 
Crystal sizing equipment 
A calibrated set of 3 inch, U.S. Standard sieves was used for size 
distribution analysis. All samples were sieved in the same manner for 
10 minutes. During the first half of the experimental program a Ro Tap 
testing sieve shaker was used and during the latter half a vibratory 
shaker was used. The latter shaker was quieter and was less damaging to 
the screens. Equivalent results were obtained regardless of the shaker 
used. 
Materials 
The KNO3 used was technical grade salt donated in 100 lb bags by 
Southwest Potash Company. The impurities dodecylamine hydrochloride 
and methylamine hydrochloride were obtained in one pound jars from 
Eastman Chemical Co. Cobaltous chloride and chromium nitrate were also 
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obtained in one pound jars from Mallinkrodt Chemical Go. and FC-98 was 
contributed by 3M Co. 
The (NHi|.)2S0j^ containing pyridine was obtained in 100 lb bags from 
the Donner-Hanna Coke Co. and the pyridine free was purchased 
in 325 lb drums from Mallinkrodt Chemical Co. 
Procedure 
Feed preparation 
Initially feed of the desired concentration was prepared by dis­
solving a prescribed amount of the salt in distilled water. After all 
the salt was dissolved a sample was taken and evaporated to dryness. 
This allowed for a more precise measurement of the feed concentration 
and adjustments could be made if necessary. The entire feed solution 
was heated several degrees above the saturation temperature to insure 
that all the solids were in solution. If in subsequent experiments the 
same feed were to be used the concentration was adjusted by adding salt 
or water as the evaporation of feed samples might have indicated. 
In those experimental runs where an impurity was used it was added 
after the feed solution was prepared. 
Sample calculation ; 
Desired impurity concentration to be 20 ppm dodecylamine hydro­
chloride. 
Ht. of solution in tank - 25" - corresponds to 40 gallons 
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„ri .002 gms additive 
100 gms solution 
/ 3.785 liters\/lOOO ml \ / 27.03 gms soin \ 
40 gallon s  s o l u t i o n  /  g a l l o n  f l  l i t e r  I I  2 1 . 8  m l  s o i n  j  
= 188,000 gms solution 
/. 002 gms additive \ f 188,000 gms soln.j 
"I 100 gms solution/\ J Amount impurity to be added 
- =3.76 gms 
Operation of the crystallizer £or steady state runs 
Once the desired feed concentration was achieved the crystallization 
equipment was ready for start up. The feed solution which was usually 
about 10 - 20°C above its saturation point was first pumped through a 
filter on line to the crystallizer. The filter was installed to remove 
any extraneous material which might be present in the feed solution. The 
feed flow rate was then adjusted to give the proper residence time. After 
the crystallizer was filled the stirrer was started and the coolant pump 
was put into operation. The level controller and the product removal 
pump were also put into operation at this time. Product was recycled 
back into the feed tank. The coolant rate was adjusted until the tempera­
ture in the crystallizer remained constant at 21°C. 
After the above mentioned start up adjustments were made the steady 
state run was essentially automatic except that the feed flow rate and 
coolant flow rate had to be monitored and adjusted periodically and the 
^Obtained from evaporation of known volume of feed sample. 
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feed temperature, coolant temperature and crystallizer temperature moni­
tored and recorded. By adjusting the coolant flow rate during a run the 
temperature in the crystallizer could be maintained to within + .3°C. 
Sampling of the crystal suspension was begun after 15 residence 
times had elapsed. In terms of hours this would be between 4 and 12 
hours depending on the flowrate. It was found that this amount of time 
was necessary for the largest size fraction of the crystals to approach 
steady state. Usually three samples were taken over the next few resi­
dence times. If the population density of corresponding size fractions 
of these samples did not vary, the steady state condition was confirmed. 
Sampling and filtration 
Samples of the crystal suspension were removed by vacuum into a 
suction flask of calibrated volume. This method permitted a rapid with­
drawal of a representative sample from the mixed suspension. Samples 
taken from different locations in the crystallizer showed the same size 
distribution which indicated that essentially perfect mixing was taking 
place. Samples of about 400 ml. were taken. 
The samples were immediately filtered after withdrawal from the 
crystallizer. A buchner funnel which was fitted with a 44 micron mesh 
screen was used for filtration. All the crystals were washed from the 
sampling flask with filtrate and after the mother liquor had been drawn 
off, the crystals were washed with acetone. When the crystals>looked 
dry they were removed from the filter and spread out on a large piece of 
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paper for further drying. It was found that in this manner little or 
no caking occurred. 
Sieve analysis of the sample 
The dry crystals were sieved in a nest of calibrated, 3 inch, U.S. 
Standard sieves. Each sample was shaken for 10 minutes. The sieves used 
were; 18(1000), 20(840), 25(710), 35(500), 40(420), 50(297), 70(210), 
100(149), 140(105),200(74) and the pan, where the numbers in parentheses 
are the aperture sizes expressed in microns. Each size fraction was 
recovered from the sieve by brushing the back of the screen and placed 
in weighed two ounce sample bottles. The bottles were weighed again and 
the weight of the crystals in each size fraction was obtained by differ­
ence. 
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RESULTS 
Analysis of Data 
The population density was calculated for each of the various size 
fractions and the size distributions of the potassium nitrate crystal 
products of the various experimental runs were determined. 
Population densities were obtained from a sieve analysis. The 
sieve analysis gave the size distribution in terms of weight and so it 
was necessary to convert to number of particles in order to calculate 
population densities. The following procedure was used to obtain the 
population density as a function of the size of the sieves; 
a) The arithmetic average diameter L of each size fraction was de­
termined. 
b) The total weight W of crystals of a given size fraction was 
divided by the crystal density ^  , the cube of the average diameter L 
and the volumetric shape factor ky. This gave the number of crystals in 
the size fraction. The volumetric shape factor is a measure of the 
shape of a crystal. For example a sphere has a shape factor of ïï/ô, an 
octahedron has a shape factor of .4714 and a cube has a shape factor of 
1.0. The KNOg crystals were found to have a shape factor close to one 
and so an assumed shape factor of 1.0 was used throughout. The determina­
tion of ths shape factor is discussed in Appendix C. This constant shape 
factor was valid because in the presence of all additives used the shape 
of the KNO3 crystals was observed to be the same as the KNO3 crystals 
in the presence of no additives. This was determined by microscopic 
analysis of the different size fractions of the crystalline product for 
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the various experiments. IE the habits had been altered significantly 
it would have been necessary to correct for this in the determination of 
the population densities so that an accurate comparison could be made be­
tween various experiments. Figure 5 shows photographs of crystals of 
average size 105 microns in the presence of the various additives. 
Several of the crystals are shown in a side profile but it can be seen 
that they all are relatively equidimensional regardless of the presence 
of an imparity in the mother liquor. 
c) The population density of crystals in each size fraction was 
determined by dividing the number of crystals in each size fraction by 
the width of the fraction. AL is the difference in aperture diameter 
between the particular screen the crystals are on and the screen above. 
d) The population density of crystals in the crystallizer was then 
determined by multiplying by the ratio of the volume of the crystallizer 
V to the volume of the suspension sample v. 
The equation used therefore to calculate population density is: 
W V 
^ = /k^L^AL V 
The values of AL for different sieve fractions were not equal because of 
the way in which the sieves were constructed. 
Typical size distribution data are shown in Figure 6 for the crys­
tallization of KNO^ carried out in the presence of 1 gm/100 ml of CoClg 
in the mother liquor. The slope indicated is actually that for the 
natural logrithm of the population density plotted vs the crystal 
Figure 5. Shape of potassium nitrate crystallized in the presence 
of additives 
1. Side view of KNO^ crystallized in the presence of no 
impurity 
2. Side view of KNO^ crystallized in the presence of 
C0CI2 
3. End view of KNO^ crystallized in the presence of 
CH3NH2-HCI 
4. End view of KNO3 crystallized in the presence of 
CH3(CH2)HNH2*HC1 
5o End view of KNO3 crystallized in the presence of 
FC-98(3M Go.) 
6. Side view of BCN03 crystallized in the presence of 
Gr(N03)3 
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Figure 6. Sample size distribution plot of population 
density vs crystal diameter 
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diameter. Therefore the actual slope is obtained by multiplying 
(j- by (g 303)- The line on this semilogrithmic plot was determined 
by a least squares fitting technique with a constraint. This procedure 
is explained in more detail in Appendix B. The constraint required that 
the intercept n° and the slope -1/rT were such that the following mass 
moment equation was satisfied (See Appendix A): MQ, = kyPJ L ndL (31b) 
I 
or after integrating, 
M = 6kv^n°(rT)^ (31c) 
V 
The suspension density M was independently determined, ky is a 
volumetric shape factor, and y> is the density of solid potassium nitrate. 
The data from all of the experimental determinations using the various 
additives are shown in Tables 1-6. For comparison purposes it was 
necessary to put all nuclei population density measurements on a common 
sample size basis. Thus it was necessary to calculate the exponent j in 
Equations 29 and 30. In order to determine j two KNO3 runs of equal 
holding times were made with different suspension densities. Run 1 had 
a M of 8.74 gms salt/100 ml suspension, r = 8.88x10"^ mm/min. Run 2 
had a M of 3.47 gms salt/100 ml suspension, r = 9.03x10"^ mm/min. If 
a plot of log r vs log M is made a linear relationship results with a 
slope = .018. Since the value of i is known from previous results, j 
was calculated to be essentially 1. Therefore Equations 29 and 30 predict 
that ri = r2 and n° = n^ (M1/M2) at two different suspension densities 
and the same holding time. 
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Table 1. Experimental growth and nucleation rate for KNO3 
No impurity 
Grysto temp. - 20.8°C 
Feed temp. - 33.0°C 
Saturation conc. at 20.8°C - 32.6 gms/100 gms HgO 
Cone. Feed M.L. M 
of conc. conc. gm/100 
T imp. gms/100 gms/100 ml. r x 10^ Actual n® Relative n° 
min. PPM gms H2O gms H2O susp. mm./min. no./mm. no./mm. 
15 0.0 38.4 i  32.6 
i  
4.56 7.97 1.75 X 10® 3.83 X 107 
30 0.0 38.3 32.7 8.65 4.23 2.64 X 10® 3.05 X 107 
45 0.0 38.5 32.2 5.89 2.95 1.56 X 10® 2.65 X 107 
^Converted to common basis of 1.0 gm crystals/100 ml. suspension. 
(This also applies to Tables 2, 3, 4, 5, 6.) 
Table 2. Experimental growth and nucleation rate for KNO3 
C0CI2 impurity 
Cryst. temp. - 2l.6°C 
Feed temp. - 36.0°C 
T Gone. of imp. M r X 10^ Actual n° Relative n° 
min.. gms/100 ml. so l .  gm/100 ml. susp. mm./min. no./mm. no./min. 
15 0.0 2.55 7.07 1.60 X 10® 6.28 X 107 
30 0.0 3.19 4.18 1.03 X 10® 3.21 X 107 
45 0.0 3.62 2.89 1.01 X 108 2.79 X 107 
15 0.5 1.65 7.90 6.58 X 107 3.99 X 107 
30 0.5 3.58 4.33 9.91 X 107 2.77 X 107 
15 1.0 3.24 8.03 1.21 X 10® 3.74 X 107 
30 1.0 5.43 4.50 1.23 X 10® 2.77 X 107 
45 1.0 4.46 3.22 8,01 X 107 1.80 X 107 
15 2.0 3.68 8.10 1.33 X 108 3.61 X 107 
30 2.0 4.18 4.62 8.89 X 107 2.12 X 107 
45 2.0 4.91 3.26 8.37 X 107 1.71 X 107 
15 4.0 2.94 8.53 8.93 X 107 3.04 X 107 
30 4.0 2.92 4.70 5.85 X 107 2.00 X 107 
45 4.0 4.00 3.34 6.19 X 107 1.55 X 107 
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Table 3. Experimental growth and nucleation rate for KNO3 
Cr(N03)3 
Crys. temp. - 20.8°C 
Feed temp. - 32.0°C 
Cone. Feed M.L. M 
of conc. conc. gm/l00 
r X 103 T imp. gms/100 gms/100 ml. Actual n° Relative n 
min. PPM gms H2O gms H2O susp. mm./min. no./mm. no./mm. 
15 100 43.8 32.0 8.74 8.88 2.00 X 108 2.29 X 10? 
15 100 36.9 32.5 3.47 9.03 8.17 X 10? 2.35 X 10? 
30 100 38.7 : 32.1 6.90 5.20 9.20 X 10? 1.33 X 107 
45 100 38.9 ! 32.0 6.49 3.74 6.40 X 10? 9.86 X 106 
15 500 40.5 32.3 6.12 9.26 1.30 X 108 2.12 X 10? 
30 500 39.8 32.6 6.41 5.95 5.01 X 10? 7.81 X 106 
45 500 38.9 32.0 5.01 4.15 3.26 X 10? 6.51 X 106 
Table 4. Experimental growth and nucleation rate for KNO3 
Methylamine hydrochloride 
Cryst. temp. - 20.8°C 
Feed temp. - 33.0°C 
Conc. Feed M.L. M 
of conc. conc. gm/l00 a 
T imp. gms/100 gms/100 ml. r X 10% Actual n° Relative n 
min. PPM gms H2O gms HgO susp. mm./min. no./mm. no./mm. 
15 100 33.8 32.1 1.26 6.60 1.04 X 108 8.25 X 107 
15 500 37.5 32.0 5.68 6.67 4.50 X 108 7.92 X 10? 
30 500 37.8 31.6 4.56 3.91 1.91 X 108 4.18 X 107 
45 500 37.5 32.7 4.94 2.93 1.30 X 108 2.63 X 10? 
15 1000 37.3 32.0 3.40 6.74 2.58 X 108 7.58 X 107 
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Table 5. Experimental growth and nucleation rate for KNOg 
Dodecylamine hydrochloride 
Gryst. temp. - 20.8°C 
Feed temp. - 32°C 
Cone. Feed M.L. M 
of conc. conc. gm/100 a 
T imp. gms/100 gms/100 ml. r x 10^ Actual n° Relative n° 
min. PPM gms HgO gms H2O susp. mm./min. no./mm. no./mm. 
15 10 38.6 31.9 4.73 6.56 4.00 X 108 8.46 X 107 
30 10 39.4 32.5 5.52 3.91 2.30 X 10® 4.17 X 107 
45 10 37.2 32.6 4.56 2.94 1.18 X 108 2.59 X 107 
15 20 37.9 • 32.5 4.47 6.48 4.00 X 10® 8.95 X 107 
45 20 37.9 31.9 4.67 2.78 1.50 X 10® 3.21 X 107 
15 30 38.3 32.0 4.41 6.29 4.41 X 108 1.00 X 108 
45 30 38.3 32.4 4.77 3.03 1.10 X 10® 2.31 X 107 
15 40 38.7 32.2 5.12 6.34 4.95 X 10® 9.67 X 107 
45 40 37.7 32.4 4.30 2.90 1.18 X 108 2.74 X 107 
15 50 37.8 31.5 4.19 6.29 4.19 X 108 1.00 X 10® 
Table 6. Experimental growth and nucleation rate for KNO3 
FC-98 (3M Co.) 
Cryst. temp- - 20.8°C 
Feed temp. - 32.5®C 
Conc. Feed M.L. M 
of conc. conc. gm/100 
T imp. gms/100 gms/100 ml. r x 10^ Actual n° Relative n°^ 
min. PPM gms H2O gms H2O susp. mm./min. no./mm. no./mm. 
15 10 39.2 32.6 5.63 6.40 5.25 X 0
 
00
 
9.33 X 107 
45 10 36.7 32.0 3.58 2.78 1.15 X 10® 3.21 X 107 
15 20 39.1 32.6 5.40 6.26 5.50 X 10® 1.02 X 10® 
45 20 35.7 32.5 2.82 2.90 7.70 X 107 2.73 X 107 
15 30 39.3 32.3 5.99 6.38 5.65 X 10® 9.43 X 107 
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Thus for use of comparison the relative nuclei population density 
and the relative nucleation rates are on a basis of 1 gm. crystals/100 ml 
of slurry. To find the actual nucleation rate or nuclei population 
density it is necessary to multiply by the suspension density for the 
particular run. 
Table 1 contains the data for the crystallization of KNO3 in the 
absence of impurity. When the relative nuclei population density is 
! 
plotted against the growth rate, the order of nucleation rate in 
supersaturation is i = 1.4. This plot is included on similar plots of 
data taken in the presence of impurities for comparison purposes. 
Effect of Ionic Additive 
In order to examine the effect of a +2 cation on nucleation rate, 
C0CI2 was added to the mother liquor in the concentrations shown in 
Table 2, The effect of C0CI2 concentration on relative nucleation rate 
and growth rate is shown in Figure 7. Because of the constraints on the 
system, short residence times correspond to high supersaturations. At 
all levels of supersaturation the addition of C0CI2 increased the growth 
rate and decreased the nucleation rate with the effect diminishing as the 
C0CI2 concentration was increased. 
The observed behavior of the nucleation rate is consistent with a 
nucleation mechanism which requires that new particle formation result 
at certain active sites on crystals in suspension. The continued ad­
sorption of these highly charged cations on the nucleation sites causes 
Figure 7. Nueleation and growth rate of KNO3 in the presence 
of C0CI2 
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the sites to be blocked and, consequently, a decrease in nucleation 
rate. 
The observations are also consistent with collision probability 
theory. Ions of +2 charge adsorbed on the surface would reduce the 
probability of several positive and negative ions colliding on or near 
the surface to form a cluster. 
It was found that the Co*^ ions which were adsorbed on the surface 
were not incorporated into the crystal lattice but were ultimately de-
sorbed. Absorption flame spectrophotometric analysis of the crystal 
products showed the cobalt present in the crystals was less than 0.006%. 
To further study this effect, crystallizations were carried out in 
the presence of CrCNOg)^ to determine the effect of a +3 cation. The 
data are summarized in Table 3. The effect of CrCNOg)^ concentration on 
nucleation rate was even greater than in the case of the +2 ion. Tliis is 
shown in Figure 8. Again the shorter holding times indicate higher 
levels of supersaturation. These results can be explained by the same 
mechanism as for the case of the Co"*"^ ion. Note however that the more 
highly charged ion causes a greater effect at a very much lower concentra­
tion. 
The increase in growth rate as the additive concentration increases 
results from an increase in the supersaturation. The supersaturation must 
increase because under the constraints of the system, namely, equal pro­
duction rates at the various concentrations, the same amount of mass must 
be precipitated in each case. If the nucleation rate decreases, fewer 
Figure 8. Nucleation and growth rate for KNOg in the presence 
of CrCNOg)^ 
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particles are formed; consequently, less crystal surface area is avail­
able to relieve the supersaturation. To maintain the production rate 
supersaturation must increase. 
It should be expected that if adsorption of the cations occurs, the 
blocking should result in some decrease in growth rate. This effect 
cannot be observed in the type of experiment used here. Garrett (10) 
noted that NH.^H2P04 crystal growth was affected by Cr+++ because of 
preferential adsorption on certain surfaces. He noted, however, that 
the overall growth rate increased owing to the much higher supersatura­
tions maintainable in the crystallizing solution with the trivalent ions 
present. It is believed, however, that this effect is mainly due to 
preferential adsorption on nucleation sites, and the ability to "maintain 
a higher supersaturation" results from the system's decreased tendency 
to nucleate. 
It was previously noted that the power law nucleation rate model for 
KNO3 without impurity is of 1.4 order. In Figures 9 and 10 the effects 
of the impurity on this exponent are shown at various concentration levels 
of cation present. The addition of the cation increases the order of 
the nucleation rate to 1.8 in the case of cobalt ion and to 2.0 and 2.4 
for Cr*** depending on the concentration. Additional data for pure KNO3 
crystallization is shown in Figure 9 with the Co** data. These data are 
questionable and it is felt that the order for nucleation of pure KNO3 
is more nearly 1.4 as determined by the subsequent work reported in Table 1. 
It is interesting to note that even though the addition of +2 or 
Figure 9. Nuclei population density vs growth rate for KNO3 
in the presence of CoGl2 
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Figure 10. Nuclei population density vs growth rate for KNO3 
in the presence of CrCNO])^ 
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+3 cations decrease the absolute nucleation rate, they increase slightly 
the order of nucleation. 
Effect of Surfactant Additives 
The effects of surface active agents were determined in the series 
of experiments summarized in Tables 4-6. The surface active agents used 
were 1) one of low molecular weight, methylamine hydrochloride 
(CH3NH2 • HCl), 2) one of high molecular weight, dodecylamine hydro­
chloride (CH3(CH2)]^INH2*HC1) , and 3) a f luorocarbon, FG-98 (3 M Company). 
The methylamine and dodecylamine hydrochloride were chosen because of 
their definite adsorption capabilities in the KNO3 system and the 3M 
fluorocarbon was utilized because of its capability to alter surface 
tension considerably even in concentrated solutions. The effects of 
these materials on nucleation and growth rates were quite dramatic. In 
all cases the average crystal size was reduced. These effects are shown 
in Figures 11 and 12. Relative nucleation rates were increased by as 
much, as a factor of 2 even for very small concentrations of the surface 
active agents. These results are consistent with the previous discussion 
regarding the role of interfacial energy and contact angle in determin­
ing the rate of new crystal formation. 
It is interesting to note that the nucleation rate increases to a 
maximum and then decreases at higher surfactant concentrations. The shape 
of the curve is qualitatively similar to that of adsorption isotherms for 
adsorption of surfactants onto solid surfaces. Note the similarity to 
Figure 11. Nucleation and growth rate of KNO^ in the presence 
of methylamine hydrochloride 
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Figure 12. Nucleation and growth rate of KNO3 in the presence 
of dodecylamine hydrochloride or FC-98 (3M Co.) 
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the plot in Figure 13. This is a plot of the adsorption of potassium 
myristate on graphite as given by Shinoda et £l. (24). when surfactants 
are adsorbed on solids in suspension, the maximum in the adsorption curve 
occurs fairly close to what is termed the critical micelle concentration 
of the surfactant. This can be termed a saturation adsorption point. 
That is, once this degree of adsorption has been reached, further addition 
of surfactant is notj readily adsorbed but rather proceeds to form micelles 
in solution. These micelles seem to attract some of the surfactant from 
the solid surface (2U). 
In all cases the growth rate decreased as the concentration of the 
surfactant increased. This effect resulted because of the constraint on 
the system. For nearly equal production rates the supersaturation must 
be lower if there are more crystals present. The lower supersaturation 
accounts for the great decrease in growth rate. 
It is evident that the higher molecular weight materials have a 
•> - -
greater effect on the nucleation rate and that the maximum effect occurs 
at a relatively low concentration of additive. The important character­
istics which might be considered in evaluating a possible surface active 
agent to increase nucleation rate are therefore 
surface tension lowering, 
chain length or molecular configuration, and 
critical micelle concentration. 
One other aspect which the data show is that the effects of sur­
factants seem to be less pronounced at lower supersaturations but the 
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Figure 13, Adsorption isotherm of potassium myristate on 
graphite at 35°C (Shinoda et al., 24) 
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effects of inorganic ions seem to be more pronounced. This is evident 
in Figures 8 and 11. The plots in Figure 11 are incomplete, but it is 
assumed that the curves for the longer residence times (lower super-. 
saturation) have the same shape as those for T = 15 minutes. 
The effects of the surface active agents on the order of the nuclea­
tion rate was very nearly the same for all three of the materials. In 
every case and for every concentration of surfactant the order was close 
to 2.5. Plots of relative nuclei population density vs growth rate are 
shown in Figures 14-16. In Figure 14 only one data point was determined 
for 100 ppm. and 1000 ppm. concentrations of methylamine hydrochloride. 
Because of the behavior at other concentrations it is assumed that the 
lines can be extended as shown by the dotted portion. 
Summary 
This work has shown that the inorganic ionic additives used decrease 
the nucleation rate and result in a crystal product of larger size. The 
addition of small quantities of surfactant increases the nucleation rate 
and results in a crystal product of small size. While a general direction 
is indicated it would seem that no generalizations can be made as to the 
effects of these additives on the nucleation kinetics of any arbitrary sys­
tem. Rather each system may have to be investigated for its own peculi­
arities and the statements made above may be valid only for the KNO3 
system. This work does indicate however that the experiments described 
and the utilization of the population balance seem to be quite applicable 
Figure 14. Nuclei population density vs growth rate for KNO3 in 
the presence of methylamine hydrochloride 
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Figure 15. Nuclei population density vs growth rate for KNO3 
in presence of dodecylamine hydrochloride 
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Figure 16. Nuclei population density vs growth rate for KNO3 
in presence of FC-98 (3M Co.) 
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to this type of analysis. 
To illustrate some of the practical aspects of these results, 
three mass distribution curves are shown in Figure 17 showing the 
mass distribution of KNO3 crystal produced in the presence of Or*** ion, 
dodecylamine hydrochloride and free of an additive. These results were 
achieved with no contamination of the crystal product and with no visible 
change in crystal habit. 
The use of additive surfactants could also be beneficial in systems 
which are hard to nucleate. Active ionic materials should find use in 
application to increase particle size. 
WEIGHT DISTRIBUTION VS AVERAGE CRYSTAL DIAMETER 
KNO3 IN THE PRESENCE OF 
40 PPM DODECYLAMINE 
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Figure 17. Weight distribution vs average crystal diameter 
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CONCLUSIONS 
1. The results of this research have shown that additives which 
alter the surface characteristics of the parent crystals may be effective 
in altering the relative rates of nucleation and growth. By imposing 
such a change in the rates the overall crystal size distribution is 
changed. Thus an increase in nucleation rate would result in a size 
! 
distribution of smaller average particle size while a decrease in nu­
cleation rate would result in a siae distribution of larger average 
particle size. 
2. In instances where one of the surface active agents methylamine 
hydrochloride, dodecylamine hydrochloride or FC98 (3M Co.) was present 
in the mother liquor the rate of new particle formation was increased. 
This was in keeping with the hypothesis that the interfacial tension was 
lowered thus lowering the critical free energy of formation of new par­
ticles near the crystal surface. 
3. In instances where a cation was adsorbed on the parent crystal 
surface the formation of new particles was retarded. This was consistent 
with the proposed mechanism of blocking of nucleation sites or upsetting 
of the charge balance. 
4. Indications are that secondary nucleation is the prime source of 
nuclei and that control of this can lead to desired size distributions. 
78 
RECOMMENDATIONS 
1. Based on the current research it would seem that no generaliza­
tions can be made regarding the effects of additives on the nucleation 
kinetics but rather a general direction is indicated. Further experi­
ments should be conducted on other systems to substantiate the hypotheses 
made in this work. Also further effort should be expended in trying to 
classify according to characteristics and properties the effects of 
various additives on the crystallization kinetics. Some organic as well 
as inorganic impurities should be investigated. 
2. A study should be made of the effects of additives on secondary 
nucleation following the procedure outlined in a paper by Clontz and 
McCabe (7). They showed that secondary nucleation was caused primarily 
by contact between crystals. The experiments utilized would be very 
amenable to studying the effects of additives on this secondary nuclea­
tion process. 
3. An investigation might be made, concerning the effects of counter­
acting additives on the nucleation process. An example might be the 
crystallization of sugar. For this system there is little nucleation, 
therefore seeds must be added. If an impurity were added to facilitate 
nucleation and then a different impurity were added to decrease nuclea­
tion the initial nuclei formed might grow to a more uniform size range. 
This definitely would be of practical importance. 
A study might also be made concerning the size seeds used in initia­
ting nucleation in sucrose crystallization. It has already been shown 
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that in the absence of impurity in the mother liquor the final size 
distribution is the same regardless of the crystal size range used as 
seeds (29). It would be interesting to study the same thing except with 
impurity present in the mother liquor. 
I 
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NOMENCLATURE 
A proportionality constant 
A surface area, 
2 A^ total surface area, mm 
CMSMPR continuous mixed suspension mixed product removal 
c solute concentration in solution, gms/100 gms H2O 
c* equilibrium saturation concentration, gms/100 gms H2O 
C£ solute concentration in the solution at the crystal-solution 
interface 
Cq saturation concentration 
D coefficient of diffusion of solute 
d average particle diameter 
Gibbs free energy of formation 
^G* critical free energy of formation 
^®max critical free energy of formation 
Gy free energy difference per unit volume of nucleus phase be­
tween matter in solution state and matter in nucleus state 
i nucleation rate power dependency on supersaturation 
j nucleation rate power dependency on suspension density 
K overall transfer coefficient 
k Boltzmann's constant 
k k^ /kg 
kjj shape factor for area 
k(i coefficient of mass transfer by diffusion 
kg proportionality constant for crystal growth rate 
km coefficient of mass transfer 
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kinetic constant for nucleation 
kj. rate constant for surface reaction 
ky volumetric shape factor 
ki proportionality constant 
L crystal size, mm 
i^ L width of size fraction, mm 
 ^ length of crystals 
a^ve average of screen aperture diameters, mm 
Liji total length of crystals laid side by side 
M contact angle in solution-nucleus-solid svstem 
M molecular weight 
M suspension density, gms crystals/100 ml suspension 
M.L. mother liquor concentration, gms salt/100 gms H2O 
m cos M 
m mass 
Mji total mass of crystals in suspension 
AN number of crystals in a size fraction 
n number of moles 
n population density, number/mm 
N° number of nuclei 
number of particles 
Avogadro's number 
Nf total number of crystals in suspension 
n point population density, number/mm ml 
n° nuclei population density, number/mm 
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nuclei population density at steady state, number/mm 
suspension input point population density, number/mm ml 
suspension output point population density, number/mm ml 
input volumetric flor rate, ml/min 
output volumetric flowrate, ml/min 
universal gas constant 
linear crystal growth rate, mm/rain 
radius 
critical radius 
linear crystal growth rate at steady state, mm/min 
c/CQ, supersaturation ratio 
supersaturated concentration minus equilibrium concentration 
surface area between solution-nucleus phase 
surface area between nucleus-solid phase 
residence time, min 
temperature, °C or °K 
time 
steady state residence time, min 
volume of suspension, ml 
specific volume 
volume of nucleus 
volume of suspension sample, ml 
weight of crystals of a given size fraction, gms 
dimensionless size, radius of nucleating particle/r^  
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interfacial tension at phase boundary 
interfacial surface tension between liquid and gas phase 
interfacial surface tension between solid and gas phase 
interfacial surface tension between solid and liquid phase 
interfacial surface tension between solution and nucleus phase 
interfacial surface tension between solution and solid phase 
interfacial surface tension between nucleus and solid phase 
crystal density 
contact angle in S-L-G system 
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APPENDIX A 
Moment Equations 
From the definition of population density, n, it was shown by 
Equation 14 that ndL is the number of crystals in size range dL and that 
the integral of ndL is the total number of crystals up to size L. 
N = \ ndL (32) 
• S  
o 
Introducing the steady state expression for n. Equation 20, 
N =  ^n° exp(-L/rT) = n° rTCl-e"^ '^ ^^ ) (33) 
o 
Equation 32 is the 0^  ^moment of the distribution n. For L large 
(L-»®®) Equation 33 reduces to the total number of crystals. 
= nOrT (34) 
If the cumulative length is desired the first moment is formulated 
by recognizing that LndL represents the total length (if crystals are 
laid end to erid) of all crystals in the size range. 
= \ L ndL = \ n°L exp(-L/rT)dL (35) 
'o 'o 
as L becomes large L^  = n°(rT)^  (36) 
It follows that the second moment is related to the total surface 
area of the crystals. 
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A = \ L^ ndL (37) 
where k^  is a shape factor for area. As L becomes large 
A^  = 2k^ n°(rT)2 (38) 
Finally the cumulative mass distribution can be formulated by using 
the third moment and a shape factor k.^  for volume and the crystal density^  
M = k^  j ndL (3lb) 
'O 
As L becomes large 
Hy = 6 k^  n°(rT)^  (39) 
or for suspension density which is taken as mass per 100 milliliters of 
suspension 
« = ' . C3l.) 
V 
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APPENDIX B 
Method of Drawing Best Straight Line Through Size Distribution Data 
The following least squares fitting technique was used to determine 
the best straight line through the size distribution data. The steady 
state population density expression n = n° exp (-L/r^ To) in conjunction 
with the constraint that M = ^^ v>P'^ o^ o^'^ o^  were the two key expressions 
V 
used. 
Since the data is plotted semilogrithmically it is first necessary 
to put the steady state expression into log for,m. 
In n = In n° - L/roTg 
2.303 log n = 2,303 log n° - LA^TQ 
log n = log n° - .4346(—L—)L (42) 
0^^ 0 
6 kvPn®(r T 
From the constraint M = ° ° ° one can obtain an expression 
for TQ. 
Substituting for r^  into Equation 42 one obtains 
log n = log n° - . 4346 (L) (44) 
The procedure is then to pick an intercept (n®) and then calculate the 
sum of the squares of the deviations between experimental points and 
fitted line. The procedure is repeated until the sum. of squares becomes 
a minimum. The sura of squares is given by: 
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N 
Sum of squares 2 [(log ii)(experimental)j^ "' 
(log nO- .4346(£^x5ll2)^ Li^ )]2 (45) 
Mv 
Once the sum of squares is minimized r is calculated from 
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APPENDIX G 
Shape Factors 
It is usually quite difficult to measure or define absolutely the 
size of an irregular particle. Since in practice perfectly regular crys­
talline solids are rarely encountered it is necessary to incorporate some 
property of the solid body into the definition which can be related to 
its size. It is most convenient if a single-length parameter can be as­
cribed for this purpose. This is called the equivalent diameter. In 
other words it is the diameter of a sphere which behaves in an identical 
manner to the given particle when submitted to the same experimental pro­
cedure. Calculations are then based on this one dimension of the parti­
cle. If this dimension is obtained from a sieve analysis the second 
largest dimension of the crystal seems to give an adequate measure of the 
equivalent diameter (18). The volume of the particle would then be 
times the diameter cubed, where is called a volumetric shape factor. 
This shape factor is adequately determined from screen analysis of several 
samples. 
For instance the number of particles is given by 
where d is some average value of the equivalent diameter. There lare many 
ways this average may be defined (18) but the simplest of all is the 
arithmetic mean. If sieving has been carried out between two sieves of 
different apertures , the average particle diameter is just the average 
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of these. Thus by equation 46 it can be seen that if the weight and 
number of crystals on a screen are determined for a specific size sample 
the ky may be obtained. 
Equation 46 was used to determine the shape factors for several dif­
ferent size crystals for a particular distribution as well as for crystals 
from different experiments utilizing an impurity. The results were random 
but gave a consistently between .75 and 1.05 for all samples tested. 
With these results in mind a ky equal to 1.0 was chosen. The actual k^  
might be closer to 0.85 but the important idea is that the shape factor 
is fairly uniform throughout the size range and impurity range studied. 
Thus the population densities might more accurately be termed relative 
population densities and the actual population densities might be determined 
by correcting for the value of the shape factor. 
94 
APPENDIX D 
Ammonium Sulphate 
Some additional work was conducted concerning the crystallization of 
ammonium sulphate. The study was not extensive enough to warrant firm 
conclusions but the results were of some interest and are reported here. 
The ammonium sulphate is not a convenient system to work with although 
it is probably of more practical importance than potassium nitrate and 
for that reason should be further studied. The highly hygroscopic crys­
tals cake together upon drying. The crystals themselves grow well in 
solution but because of caking it is difficult to obtain a correct and re­
producible size distribution. Several approaches were tried in an attempt 
to overcome this difficulty but without great success. One technique was 
to resuspend the ammonium sulphate crystals in ethyl alcohol after re­
moving all mother liquor and then refilter. However upon refiltering the 
same caking occurred. If it were possible to use a Coulter Counter for 
the entire size distribution analysis this would be by far the best 
technique to use on the system. 
In addition to the industrial importance the ammonium sulphate sys­
tem is of interest because the crystals are very amenable to habit change. 
In some of this additional work ammonium sulphate was crystallized in the 
presence of pyridine, Cr*** and FC98(3M Co.). The various shapes are 
shown in Figure 18. 
The size distribution plots in the presence of the various additives 
are shown in Figure 19 with the data being tabulated in Tables 7, 8 and 9. 
Figure 18. Shape of ammonium sulphate crystallized in the presence 
of additives 
1. 0084)2804 crystallized in the presence of no 
impurity 
2. (NH4)2S0^  crystallized in the presence of 
pyridine 
3. (NHi|.)2S04 crystallized in the presence of 
Cr(N03)3 
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Figure 19, Nuclei population density vs growth rate for (NH^ )2S0i^  
in the presence of additives 
I - pyridine A 
2 - 20 ppiii FC-9S o 
3 - 100 ppiii FC-9H - o 
4 - pure (NHij^ )2S0i^  - o 
NUCIfil POPULATION DENSITY (b® - no./vm) 
(S> 
to U) 
vO 
CO 
Table 7. Experimental growth and nucleation rate for (NHi^ )2S0i^  
No impurity 
Cryst. temp. - 20.8°C 
Feed temp. - 45°C 
T 
min. 
Conc. of imp. 
ppm 
Feed& 
conc. 
M.L. 
conc. 
M rxlo3 
gms/100 ml. susp. mm/min 
Actual n° 
no./mm. 
Relative n° 
no./mm. 
15 0.0 77.5 75.4 1.63 14.1 7.7 X 10^  4.72 X loG 
30 0.0 76.6 73.6 2.04 9.42 6.4 X loG 3.14 X loG 
45 0.0 80.0 74.9 4.16 6.64 1.07X 10? 2.57 X 106 
a 
Feed conc. and M, .L. conc. indicate gms ammonium sulphate/100 gms HgO. 
Table 8. Experimental growth and nucleation rate for 
FG-98 (3M Co.) 
Cryst. temp. - 20.8°C 
Feed temp. - 45.0°C 
T 
min. 
Conc. of imp. 
ppm 
Feed^  
conc. 
M.L. 
conc. 
M 
gms/lOO ml. susp. 
rxl03 
mm/min. 
Actual n° 
no./min. 
Relative n° 
no./min. 
15 20 81.2 74.2 4.19 12.90 2.8 X 107 6.68 X 106 
45 20 81.9 75.5 4.29 5.36 1.2 X 10? 2.79 X loG 
15 100 77.0 74.9 2.20 14.50 1.35X 107 6.14 X 10^  
F^eed conc. and M.L. conc. indicate gms ammonium sulphate/100 gms 
Table 9. Experimental growth and nucleation rate for (0^ 4)2804 
Pyridine 
Cryst. temp. - 20.8°C 
Feed temp. - 45.0°C 
T 
min. 
Conc. of imp. 
ppm 
Feed® M.L. 
conc. conc. 
M rxlO^  
gms/100 ml. susp. mm/min. 
Actual n° 
no./min. 
Relative n° 
no./min. 
15 unknown 80.1 75.7 3.04 11.60 3.1 X 10^  1.02 X 10? 
30 unknown 78.0 76.0 1.21 6.55 7.7 X 10^ 6.36 X 106 
45 unknown 79.7 75.5 4.27 4.41 2.6 X 10? 6.09 X 10^  
F^eed conc. and M.L. conc. indicate gms (1^ 4)2304/100 gms H2O. 
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It is seen that the surfactant does increase slightly the nucleation 
rate. The kinetic constant i changes from 1.7 to 2.0. This is at least 
in the right direction according to previous results. However one reason 
why the effect is not as pronounced may be that the solutions are much 
more concentrated. 
The presence of pyridine seems to have displaced the size distribu­
tion compared to pure ammonium sulphate. Not really much can be said 
about this because organic non ionic impurities were not studied in this 
work. This might be an appropriate area for future work. 
One of the most unpredictable results came when ammonium sulphate 
was crystallized in the presence of Cr***. Although the feed solution 
contained about six grams of salt in excess over what the solubility 
was at the crystallizer temperature only about 0.5 gms crystals came out 
of solution and with quite a drastic habit change. It is interesting to 
postulate as to what might be occurring here. Either the Cr*** present in 
500 ppm alters the solubility of ammonium sulphate a significant amount or 
else the Cr+++ ions almost completely block all nucleation sites. It 
might be interesting to study this additive present in smaller amounts. 
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APPENDIX E 
Tabulated Population Density Data 
Table 10. Population density data for potassium nitrate crystallized in the presence of impurities 
Run: 21 23 24 5 
No impurity 
8 9 10 13 14 
C0CI2 (gm/100 ml solution) 
Cone.: 0.0 0.0 
T: 15 30 
M: 4.56 8.65 
0 . 0  0 . 0  
45 15 
5.89 2.55 
-•ave (mm) 
0.0 0.0 0.5 0.5 1.0 1.0 1.0 
30 45 30 15 15 30 45 
3.19 3.62 3.58 1.65 3.24 5.43 4.46 
n, population density (no./mm.) 
.0895 7.68E7^  1.39E8 
.127 0 5.20E7 1.00E8 
.1795 4.26E7 7.54B7 
.2535 2.55E7 4.74E7 
.3585 1.22E7 2.29E7 
.4600 5.68E6 9.74E6 
.6035 1.61E6 2.81E6 
.7740 1.72E5 4.10E5 
.9205 4.00E4 1.40E5 
8.17B7 7.56E7 
6.44E7 3.60E7 
5.42E7 2.44E7 
3.38B7 1.91E7 
1.68E7 5.3OE6 
7.15E6 1.67E6 
1.95E6 3.17E5 
1.00E5 
9.30E4 
5.90E7 6.04E7 5.94E7 3.95E7 6.48E7 8.86B7 4.27E7 
3.65B7 3.71E7 3.92E7 2.13B7 4.72E7 6.33E7 3.05E7 
2.51E7 2.89E7 2.94E7 1.70B7 3.46E7 4.92E7 2.53E7 
1.08E7 1.88E7 1.83E7 9.32E6 2.10E7 2.94E7 1.70E7 
4.40B6 8.94E6 8.56E6 3.79E6 9.41E6 1.36E7 9.75E6 
2.22E6 3.97E6 4.04E6 1.66E6 3.76B6 6.11E6 4.75E6 
1.07E6 1.38E6 1.19E6 4.73E5 8.52E5 1.72E6 1.75E6 
2.69B5 2.16E5 4.94E5 8.99E4 9.34E4 3.18B5 3.35E5 
1.99E5 9.44E4 1.38E5 5.97B4 7.91E4 1.16E5 1.38E5 
E^7 indicates xlO^ . 
Table 10. (Continued) 
Run: 15 16 17 18 19 20 46 47 48 49 53 54 55 
C0GI2 (gm/lOQ ml solution) Cr(N03)3 (ppm) 
Cone.: 2.0 2.0 2.0 4.0 4.0 4,0 100 100 100 100 500 500 500 
T: 45 30 15 15 30 45 15 15 30 45 15 30 45 
M; 4.91 4.18 3.68 2.94 2.92 4.00 8.74 3.47 6.90 6.49 6.12 6.41 5.01 
Lave(MM) n, population density (no./mm.) — 
.0895 4.63E7 5.57E7 5.85E7 3.97E7 3.97E7 4.23E7 
.1270 3.41E7 4.28E7 4.45E7 3.71E7 2.84E7 3.19E7 
.1795 2.99E7 2.93E7 3.18E7 2.63E7 2.11E7 2.60E7 
.2535 2.24E7 1.78E7 1.75E7 1.38E7 1.22E7 1.65E7 
.3585 1.24E7 9.03E6 8.25E6 6.19E6 6.19E7 8.95E6 
.4600 5.32E6 4.49E6 3.41E6 2.71E6 2.88E6 4.42E6 
.6035 1.63E6 1.52E6 1.12E6 8.25E5 9.85E5 1.56B6 
.7740 3.45E5 2.48E5 2.07E5 2.61E5 1.98E5 2.53E5 
.9205 1.37E5 1.17E5 1.91E5 1.87E5 7.95E4 1.02E5 
8.94E7 5.19E7 4.14E7 3.08E7 6.39E7 3.60E7 2.45E7 
6.32E7 3.02E7 3.11E7 2.32E7 4.83E7 2.52E7 1.64E7 
6.09E7 1.98E7 2.60E7 2.30E7 3.66E7 2.31E7 1.59E7 
4.22E7 1.10E7 1.89E7 1.86E7 2.53E7 1.67E7 1.29E7 
2.42E7 5.95E6 1.33E7 1.60E7 1.61E7 1.36E7 1.02E7 
1.08E7 3.11E6 7.89E6 9.56E6 8.57E6 8.40E6 6.61E6 
3.47E6 1.27E6 3.33E6 3.04E6 2.63E6 3.31E6 2.68E6 
2.63E5 5.65E5 2.51E5 
2.05E5 
Table 10. (Continued) 
Run; 25 26 27 28 29 
Methylamine hydrochloride (ppm) 
30 31 32 33 34 35 42 43 
Dodecylaminse hydrochloride 
Cone.: 100 500 500 500 1000 
T: 15 15 30 45 15 
M: 1.26 5.68 4.56 4.94 3.40 
10 10 20 30 40 50 10 20 
15 30 15 15 15 15 45 45 
4.73 5.52 4.47 4.41 5.12 4.19 4.56 4.67 
a^ve Ciïïtîi) n, population density (no./mm.) 
.0895 4.29E7 1.50E8 7.70E7 6.Î8E7 8.26E7 1.40E8 8,42E7'1.43ES 1.62E8 
.1270 2.84E7 1.09E8 5.45E7 3.95E7 5.34E7 9.13E7 6.37E7 1.04E8 1.14E8 
.1795 1.91E7 7.56E7 4.31E7 3.33E7 4.12E7 7.10E7 5.67E7 7.71E7 8,04E7 
.2535 9.67E6 4.31E7 2.70E7 2.30E7 2.33E7 3.79E7 3.67E7 3.89E7 4.04E7 
.3585 3.46E6 1.61E7 1.19E7 1.17E7 9.75E6 1.36E7 1.57E7 1.24E7 1.27E7 
.4600 1.23E6 6.09E6 5.11E6 5.55E6 3.57E6 4.63E6 5.77E6 4.18E6 3.90E6 
.6035 3.26E5 1.53E6 1.46E6 1.72E6 9.85E5 1.17E6 1.47E6 9.61E5 8.45E5 
.7740 4.06E4 1.73E5 2.26E5 3.17E5 1.07E5 1.41E5 2.42E5 1.17E5 1.17E5 
.9205 9.27E3 3.54E4 7.11E4 1.38E5 2.10E4 3.33E4 9.64E4 3.24E4 2.62E4 
1.62E8 1.40E8 5.10É7 5.15E7 
1.12E8 1.09E8 3.83E7 3.97E7' 
8.42E7 6.55E7 2.79E7 3.59E7 
4.42E7 3.34E7 1.96E7 2.44E7 
1.58E7 1.24E7 1.07E7 1.33E7 
4.91E6 4.48E6 4.86E6 5.27E6 
1.04E6 9.48E5 1.48E6 1.42E6 
1.37E5 1.03E5 2.26E5 2.01E5 
2.78E4 2.14E4 1.16E5 8.90E4 
Table 10. (Continued) 
Run; 44 45 36 37 38 56 57 58 66 60 50 51 52 
Dodecylamine 
hydrochloride FC-98 (3M Co.) (ppm) no impurity Pyridine (ppm) 
Cone.: 30 
T: 45 
M: 4.56 
Lave(mm) 
40 
45 
4.30 
10 
' 15 
5.63 
20 
15 
5.40 
30 
15 
5.99 
10 20 0.0 0.0 0.0 
45 45 15 30 45 
3.58 2.82 1.63 2.Ô4 4.16 
n, population density (no./mm.) 
Unknown 
30 15 
1.21 3.00 
45 
4.27 
.0895 4.57E7 4.77E7 1.47E8 1.17E8 1.15E8 4.33E7 2.86E7 6.05E6 7.12E6 8.93E6 4. 96E6 2.12E7 1.53E7 
.1270 3.29E7 3.74E7 1.08E8 8.96E7 8.73E7 2.88E7 2.27E7 3.95E6 3.61E6 6.25E6 4. 09E6 1.49E7 1.33E7 
.1795 2.89E7 3.04E7 8.77E7 8.24E7 7.57E7 2.65E7 1.63E7 2.72E6 2.85E6 5.45E6 3. 37 B6 1.22E7 1.18E7 
.2535 1.97E7 2.02E7 5.05E7 5.11E7 4.79E7 1.78E7 1.20E7 1.93E6 2.34E6 4.48E6 2. 00E6 6.74E6 7.64E6 
.3585 1.23E7 1.07E7 1.7 0B7 1.67E7 1.90E7 1.10E7 8.03E6 1.42E6 1.91E6 3.47E6 1. 27E6 4.13E6 4.60E6 
.4600 5.46E6 4.29E6 5.26E6 5.01E6 6.39E6 3.53E6 2.76E6 9.59E5 1.04E6 2.24E6 6. 50E5 2.15E6 2.54E6 
.6035 1.60E6 1.38E6 1.20E6 1.12E6 1.50E6 1.19E6 1.07E6 6.46E5 7.55E5 1.51E6 4. 18E5 1.24E6 1.37E6 
.7740 2.42E5 2.22E5 .1.40E5 1.15E5 1.30E5 2.26E5 1.85E5 3.41E5 4.22E5 7.60E5 1. 56E5 4.45E5 5.67E5 
.9205 1.55E5 1.12E5 3.01E4 2.74E4 2.07E4 5.11E4 4.27E4 1.72E5 2.72E5 1. 00E5 2.75E5 3.98E5 
Table 10. (Continued) 
Run; 63 64 65 
FC-98 (ppm) 
Cone.: 20 20 100 
T; 45 15 15 
M: 4.29 4.19 2.20 
Lave(mm) n, population density (no./mm.) 
.0895 9.47E6 1.92E7 9.87E6 
.1270 6.08E6 1.20E7 8.98E6 
.17 95 4.42E6 1.05E7 5.70E6 
.2535 3.51E6 7.45E6 3.17E6 
.3585 2.81E6 5.10E6 2.14E6 
.4600 1.70E6 2.86E6 1.82.S6 
.6035 1.33E6 1.58E6 9.45E5 
.7740 6.92E5 6.60E5 3.73E5 
.9205 4.42E5 3.58E5 1.94E5 
